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1
SYSTEM AND METHOD FOR SELECTED
PUMP LEDS WITH MULTIPLE PHOSPHORS

RELATED APPLICATIONS

This application claims the benefit under 35 U.S.C. 119(e)
to U.S. Provisional Patent Application No. 61/502,212, filed
on Jun. 28, 2011, which is incorporated by reference in its
entirety.

BACKGROUND OF THE INVENTION

This invention is directed to lighting systems, and in par-
ticular, to light emitting diodes (LED) pump light with mul-
tiple phosphors.

Solid state lighting is known. Solid state lighting relies
upon semiconductor materials to produce light, e.g. by light
emitting diodes. Red LEDs are known and use Aluminum
Indium Gallium Phosphide or AllnGaP semiconductor mate-
rials, among others. Most recently, Shuji Nakamura pio-
neered the use of InGaN materials to produce LEDs emitting
blue light. The blue LEDs led to other innovations such as
solid state white lighting and the blue laser diode.

High intensity UV, blue, and green LEDs based upon the
InGaN material system have been proposed and demon-
strated. Efficiencies have typically been highest in the UV-
violet, but drop off as the emission wavelength is increased to
blue or green. Unfortunately, achieving high intensity, high-
efficiency InGaN-based green LEDs has been problematic.
Additionally, InGaN-based LEDs have been costly and diffi-
cult to produce on a wide-scale in an efficient manner.
Although successtul, solid state lighting techniques must be
improved for full exploitation of their potential.

SUMMARY OF THE INVENTION

This invention provides pump LED light of selected wave-
lengths with multiple phosphors. In various embodiments,
LEDs emitting radiation at violet and/or ultraviolet wave-
lengths are used to pump phosphor materials that emit light of
a different frequency. The pump LEDs are characterized by
having a peak emission wavelength of about 405 to 430 nm
under normal operation. They are employed in conjunction
with at least a blue phosphor with strong absorption at wave-
lengths beyond about 405 nm. In certain embodiments, LEDs
operating in different wavelength ranges are arranged in a
combination to reduce radiation re-absorption and improve
light-output efficiency.

This invention provides an optical device which includes a
mounting member and at least one light emitting diode over-
lying a portion of the mounting member. The LED includes a
gallium and nitrogen containing substrate having a surface
region and a gallium and nitrogen containing buffer layer
overlying the surface region. An active region emits electro-
magnetic radiation with peak wavelengths in a range from
about 405 nm to about 430 nm. The LED includes electrical
contacts to supply the junction region electrical current. The
device additionally includes a mixture of three phosphor
materials within a binder material. The mixture of phosphor
materials is disposed within a vicinity of the LED interacts
with the electromagnetic radiation from the LED to convert
the electromagnetic radiation to a wavelength range between
about 440 to 650 nanometers. In another embodiment the
device includes blue phosphor material within a vicinity of
the LED device with strong absorption at wavelengths longer
than about 405 nm. The active region is configured to emit
electromagnetic radiation whose peak is in the range of about
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405 to 430 nanometers while maintaining an internal quan-
tum efficiency of about 70% and greater at a current density of
at least 100 A/cm? in an operating temperature range from
about 100° C. to about 150° C.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates the efficiency characteristics of LEDs
emitting at various wavelengths;

FIGS. 2 and 3 illustrate absorption properties of blue phos-
phors and the corresponding white LED performance
depending on the emission wavelength of the LED;

FIG. 4 illustrates an LED with peak emission in the range
of about 405-430 nm pumping blue, red, and green phos-
phors.

FIG. 5 illustrates carrier spreading in multi-quantum well
LEDs emitting at 450 nm (left) and 420 nm (right);

FIG. 6 illustrates pump LEDs configured as an array;

FIG. 7 illustrates pump LEDs configured as an array, with
a pixelated phosphor composition;

FIG. 8 illustrates pump LEDs configured as an array with
two LED emission wavelengths; and

FIG. 9 is a simplified diagram illustrating emission spec-
trum of LED a two-phosphor violet pumped white LED
according to embodiments of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

This invention is directed to lighting systems and to the
provision of LED pump light with multiple phosphors. LEDs
emitting radiation at violet and/or ultraviolet wavelengths are
used to pump phosphor materials that emit different colors.
Preferably the pump LEDs have a peak emission wavelength
of'about 405 to 430 nm under normal operating conditions.

As mentioned above, conventional LED lights sources are
often inadequate. For example, one of the most-common
approaches to generating high-CRI white LED light consists
of LED devices emitting in the 440-470 nm range (often
referred to as pump LEDs), which excite two phosphors: a
yellow/green phosphor and a red phosphor. This approach is
convenient because some yellow/green phosphors, such as
Ce:YAG, exhibit high quantum efficiency.

Unfortunately, this approach is also constraining YAG-
based phosphors can only be efficiently excited in a narrow
spectral range around 460 nm, limiting the wavelength range
of'the pump LEDs that can be employed. While high internal
quantum efficiency (IQE) LED devices can be created at such
wavelengths at low current density, their IQE falls rapidly at
high current density. This is due to two effects: (a) the pres-
ence of large piezoelectric fields which reduce the carrier
overlap and therefore increase the carrier lifetime, shifting the
IQE curve to lower current density (ref); and (b) the chal-
lenges associated with thick active regions emitting around
445 nm (due to both strain-related growth limitations with
thick InGaN layers and the difficulty with carrier spreading in
a multi-quantum-well system).

FIG. 1 illustrates the efficiency behavior of LEDs emitting
at various wavelengths. Short-wavelength LEDs (415-430
nm) maintain efficiency at much higher carrier densities than
long-wavelength LEDs (445 nm and above). FIG. 1 is taken
from “Influence of polarization fields on carrier lifetime and
recombination rates in InGaN-based light-emitting diodes”,
A. David et al, Appl. Phys. Lett. 97, 033501 (2010), which
describes the increase of the polarization fields in longer-
wavelength LEDs. The article “Carrier distribution in (0001)
InGaN/GaN multiple quantum well light-emitting diodes™, A.
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David etal, Appl. Phys. Lett. 92,053502 (2008), discusses the
difficulty in spreading carriers between the quantum wells in
450 nm-pump LEDs.

The blue light from the pump LED contributes to the white
spectrum. Therefore, the amount of blue light that is trans-
mitted by the phosphors needs to be well-controlled to
achieve a given CCT. Variations in the wavelength of the
pump LED need to be accounted for in the phosphor compo-
sition/loading. Accounting for the differences in wavelength
can be a challenging task when manufacturing white LEDs.

State-of-the-art results for 440-nm pump LEDs can be
found in the article “White light emitting diodes with super-
high luminous efficacy”, Y. Narukawa et al, J. Phys. D 43,
354002 (2010). Atroom temperature and a current density of
about 100 A/cm?, an external quantum efficiency of 65% is
reported. Assuming an extraction efficiency of about 90% and
aperformance drop of about 10% between room temperature
and a 100 C. junction temperature, this corresponds to an IQE
of about 65% at 100 A/cm® and 100 C.

Another conventional approach consists in using a pump
LED whose emission peak is in the 395-405 nm range to
pump a system of three or four phosphors. This is advanta-
geous because 400 nm pump LEDs typically retain higher
performance at a higher current density than 445 nm pump
LEDs, presumably due to the lower piezoelectric fields and to
the thick active regions.

Employing an LED emitter whose final spectra is mini-
mally affected (in color or brightness) by the presence or
absence of the emitter wavelength in the final spectra allows
for very stable performance over drive currents and tempera-
tures. Proper selection of color-stable phosphor materials for
the devices range of operation (e.g. a 405 nm emitter’s spec-
tral weight) is only 1.5% that of a 450 nm emitter. A 420 nm
emitter’s spectral weight is still only 10% of that of a 450 nm
emitter. Stability in color and flux of a finished phosphor-
converted LED is increased dramatically over a traditional
blue pump device where as much as 20% of the final spectrum
is comprised of the underlying emitter at 450 nm.

The elimination of the need to target a certain amount of
emitter light leakage in the final spectra also offers improved
color yield in a manufacturing environment. The manufactur-
ing phosphor deposition process for an about 405 nm to 430
nm pump device can accept more process variance without
sacrificing large-volume color repeatability. In turn, this
allows a manufacturing process to run with higher throughput
without loss in repeatability.

Use of three or more component colors (chip emission and
at least two phosphors) offers a larger tunable color gamut for
a phosphor-converted LED device than does a two-compo-
nent color system. A large range of tunable colors and color
rendering indices become available. A two-color component
white LED will only have one possible cross section with the
Planckian curve (one point to achieve a balanced white spec-
trum) whereas a three or more color system allows for infinite
tunability along the Planckian curve.

This approach, however, suffers from various limitations:

1. The Stokes loss between the pump wavelengths and the
phosphors wavelengths is larger, so more energy is lost in the
phosphor down-conversion process. The comparatively
larger band gap of a 400 nm pump LED causes a larger
operation voltage. The reduced carrier confinement in the
active region of a 400 nm pump LED makes it easier for
carriers to escape, and therefore decreases the high-tempera-
ture performance. Most materials have a significantly larger
absorption at 400 nm than at 445 nm (this is the case for
high-reflectivity metals such as Al and Ag which are com-
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monly used in LEDs, of silicones, of some substrates such as
GaN or SiC, and of Au wirebonds.) which decreases the
light-extraction efficiency.

2. There has not been focused development on phosphors
for use with 380-430 nm excitation light. This places the
performance levels of the available phosphor materials
behind the state-of-the-art phosphor performance enjoyed by
LED manufacturers employing 450 nm pump LEDs for use
with materials such as Y,Al0,,:Ce’* (YAG-yellow) and
CaAlSiN:Eu** (red) which have had both time and pressure
applied to their improvements.

3. Due to this offset in state-of-the-art phosphor material
performance, not all of the available phosphors can be used in
high performance LED devices. Prime examples are blue
phosphors which are not suitable for use with all chip-emis-
sion wavelengths. The absorption characteristics of two blue-
emitting phosphors are shown in FIG. 2. Vertical lines indi-
cate the position of a 405 nm and 420 nm emitter relative to
these two phosphor absorption curves. Though the two mate-
rials absorption strengths are similar at 405 nm, they are
clearly not the same at 420 nm. This reduction in absorption
strength of the first phosphor materially affects the device
performance with longer-wavelength emitters. This change in
performance is shown in FIG. 3.

This invention provides white LED light sources with high
performance. Among other things, the invention provides a
new approach to high-CRI white LEDs. For example, the
white LED light source comprises pump LED(s) whose peak
emission is in the range of about 405 nm to 430 nm and a
system of three or more phosphors (such as blue, green, and
red). A substantially white spectrum is produced by the phos-
phor emission.

One advantage of the invention is that a pump LED in the
range of about 405 nm to 430 nm can display a very high IQE
at high carrier density (similar to a 400 nm pump LED) due to
the moderate strain and piezoelectric fields. The carrier con-
finement in the active region, on the other hand, is signifi-
cantly improved so that the high-temperature performance is
not compromised. The lower band gap compared to a 400 nm
LED also enables a lower forward voltage. Therefore, the
range of about 405 nm to 430 nm is optimal from the stand-
point of pump LED performance. High IQE performance for
such LED:s (at a current density of 100 A/cm? and a junction
temperature 100 C.) can be better than 70% and even exceed
90%. This is to be compared to about 65% for state-of-the art
LEDs emitting at 440 nm as described in the prior art.

In addition, optical absorption in most materials is signifi-
cantly reduced between 400 nm and about 405 nm to 430 nm,
yielding overall larger light-extraction efficiency. Also, as
explained above, the use of three or more phosphors to gen-
erate white light is advantageous in terms of color control and
process stability. Blue phosphors are available with strong
absorption in the range of about 405 nm to 430 nm, and with
high quantum efficiency. Some examples of blue-emitting
phosphors with strong absorption in this wavelength range
are BaMgAl,,017:Eu**, Sr,,(PO,),Cl,:E, LaAl(Si, Al)
N,.0.:Ce**, a-Sialon:Ce**, (Y,La)—Si—O—N:Ce’*,
Gd,_, Sr,, +AlO,_F :Ce**. The Stokes loss is also mitigated
in comparison to a 400 nm pump LED.

FIG. 4 illustrates an embodiment of the invention, where an
LED whose peak emission is in the range of about 405 nm to
430 nm pumps blue, red, and green phosphors. As shown in
FIG. 4, a pump LED source is provided on a substrate or a
submount. For example, the pump LED source emits radia-
tion at a wavelength of about 405 nm to 430 nm. The pump
LED source is disposed in a mix of phosphor materials, which
absorbs the radiation emitted by the LED source. The phos-
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phor materials are excited by the pump LED and emit blue,
green, and red light. In a preferred embodiment, the mix of
phosphors is specifically adapted to emit white light, by the
combination of emissions from the phosphors. The mix of
phosphor materials is disposed in an encapsulant which is
substantially transparent to both pump-LED-source and
phosphor-emitted light.

Depending on the application, the encapsulant may include
various types of materials. In a preferred embodiment, the
encapsulant is specifically configured to improve light-ex-
traction efficiency. For example, the encapsulant material can
comprise polymeric species. In a preferred embodiment, the
pump LED source emits radiation in the wavelength range
from about 405 nm to 430 nm and pumps three phosphors
(e.g., a blue, a green, and a red phosphor) that are mixed
together, and the phosphor mix converts a substantial fraction
of'the pump LED source light to longer-wavelength light. Of
course, the phosphor mix may contain additional phosphors,
e.g. an amber phosphor can be added to increase CRI.

In various embodiments, the wavelength emitted by the
LED changes due to changes in temperature. For example, a
pump LED emits radiation at a wavelength of about 398 nm
at room temperature. When temperature increases to about
120° C., the pump LED emits radiation about 405 nm. Typi-
cally, high current and/or high temperature are the main
causes of wavelength shift. For example, for each increase of
23° C. in operating temperature, the wavelength of the radia-
tion emitted by the pump LED increases by 1 nm. The encap-
sulant and the phosphor material used in various embodi-
ments of the invention can compensate for the wavelength
shift.

FIG. 5 illustrates carrier spreading in multi-quantum well
(MQW) LEDs emitting at 450 nm (left) and 420 nm (right). In
a 450 nm-emitting scheme, the energy barriers are larger,
which can impede spreading of the holes between the quan-
tum wells. As shown, electrons are more or less spread evenly,
while holes are not. In contrast, in a 420 nm-emitting scheme,
the energy barriers are lower and hole spreading is thus
improved, thereby increasing the effective volume of the
active region. Better optimized carrier spreading is achieved
by embodiments of the present invention. More specifically,
carrier confinement can be reduced compared to thata 450 nm
pump LED, which enables better carrier spreading ina MQW
system. Therefore, one can employ a thick active region (for
instance, more than 10 nm thick or more than 50 nm thick)
and inject carriers efficiently across this active region, as
illustrated in FIG. 5.

FIG. 6 illustrates an embodiment of the invention where
five pump LEDs are arranged in an array. In this implemen-
tation the LEDs emit at about 405 nm to 430 nm. The LEDs
are disposed a phosphor mix that is specifically made for
color conversion. As described above, the phosphor mix com-
prises phosphor materials which have a high absorption of the
light emitted by the pump LEDs. For example, the phosphor
mix comprises one or more of the following materials:
BaMgAl, ,017:Eu**, Sr,(PO,)sCl,:E, LaAl(Sis  AL)N,,_
0,:Ce®*, a-Sialon:Ce**, (Y,La)—Si—O—N:Ce™*, Gd, .
Sr,, AlO,_F, :Ce**. The phosphor mix is prepared for con-
verting the light from the pump LEDs to light in other colors,
such as red, green, and/or blue. When the light in different
colors is combined, preferably substantially white light is
produced. The mix of phosphor materials is disposed in an
encapsulant, which is substantially transparent to both pump-
LED and phosphor-emitted light. In a preferred embodiment,
the encapsulant is specifically configured to improve light
extraction efficiency and is formed from polymeric species.
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FIG. 7 illustrates an embodiment of the invention where the
pump LEDs are arranged in an array, and the phosphor com-
position is varied spatially in a pixilated configuration. Here,
separate spatial regions perform conversion to red, green, and
blue light. As shown in FIG. 7, five LEDs are arranged in an
array configured to pump phosphor materials. Single-color
phosphor materials in different colors absorb radiation emit-
ted by the LEDs and re-emit light in a color associated with
the phosphor material. The phosphor materials are arranged
in a pixelated fashion over the LEDs. The pixelated pattern is
specifically created to create a mix of emissions whose com-
bination produces light that is substantially white in color.

In a preferred embodiment, the LEDs emit radiation in
substantially the same color (e.g., about 405 nm to 430 nm in
wavelength), and the radiation from the LEDs pumps the
single-color phosphor materials that are in different spatial
locations. In return, the colored phosphor materials emit col-
ored light. For example, the phosphor materials, as shown in
FIG. 7, emit respectively red, green, and blue light. In the
configuration shown in FIG. 7, the type of pump LEDs and/or
the phosphors can be varied across the array based on the
color needed and the type of LEDs used.

FIG. 8 illustrates an embodiment of the invention where the
pump LEDs are arranged in an array, and two LED emission
wavelengths are employed. Short-wavelength LEDs (about
405 nm to 430 nm) pump red and green phosphors, while
longer-wavelength LEDs (440 nm to 460 nm) emit blue light.
As shown in FIG. 8, five LED devices form an LED array
positioned on a substrate or submount. More specifically, the
LED device in the middle emits blue light (e.g., wavelength of
about 440 nm to 460 nm), while the other LED devices emit
radiation in substantially violet (e.g., about 405 nm to 430
nm) wavelength range. The violet LED devices are disposed
in colored phosphor materials, where the LED devices pump
the phosphor material which emits a colored light, e.g. red
light. Similarly, the green phosphor material, upon absorbing
substantially violet radiation, emits green light. The blue
LED device is not disposed within a phosphor material, and as
a result the blue light generated by the blue LED devices is
emitted directly.

Depending on the application, the LEDs can be arranged in
array geometry using several pump LEDs in combination
with blue or red LEDs that are not configured to pump phos-
phor material. It is to be appreciated that the arrangement of
LEDs as shown in FIG. 8 can help reduce light absorption. For
example, inter-die absorption is reduced at about 405 nm to
430 nm relative to 400 nm (because of the lower substrate
absorption), which is an additional advantage of using a
longer wavelength pump LED.

Different arrangements of phosphor materials and LED
devices enable different light colors to be obtained. In a
preferred embodiment, the LED devices are grown on a non-
polar or semi-polar substrate. In certain embodiments, the
LED devices can be grown on a low-dislocation-density sub-
strate (<1x107 dislocations/cm?) to enable reliable operation
at high current density and high temperature.

Wavelength conversion materials can be ceramic or semi-
conductor particle phosphors, ceramic or semiconductor
plate phosphors, organic or inorganic down converters, up
converters (anti-stokes), nano-particles and other materials
which provide wavelength conversion. Some examples are
listed below

(Sr,,Ca,_),o(PO,)s*B,05:Eu** (wherein O<n<1)

(Ba,Sr,Ca)s(PO,);(CLF,Br,OH):Eu** Mn**

(Ba,Sr,Ca)BPOs:Eu**,Mn**

Sr,Si,0,4#28rCl,:Eu?*

(Ca,Sr,Ba);MgSi,0¢:Eu”*, Mn**



US 9,293,667 B2

7

BaAl,O,,:Eu**

2SrO0*0.84P,0,%0.16B,0,:Bu**

(Ba,Sr,Ca)MgAl, ,0,:Eu** Mn>*

K,SiFs:Mn*

(Ba,Sr,Ca)Al,0,:Fu**

(Y,Gd,Lu,Sc,La)BO;:Ce**, Th*

(Ba,Sr,Ca),(Mg,Zn)Si,0,:Eu**

(Mg,Ca,Sr,Ba,Zn),Si, O, , :Fu** (wherein 0=x<0.2)

(Sr,Ca,Ba)(Al,Ga),S :Eu**

(Ca,Sr)(Mg,Zn)(Si0,) ,Cl,:Eu** Mn**

Na,Gd,B,0,:Ce** Th>*

(Sr,Ca,Ba,Mg,Zn),P,0,:Eu** Mn**

(Gd,Y,Lu,La),0,:Eu** Bi**

(Gd,Y,Lu,La),0,S:Eu’* Bi**

(Gd,Y,Lu,La)VO,:Eu** Bi**

(Ca,Sr)S:Eu**,Ce**

(Y,Gd, Th,La,Sm,Pr,Lu),(Sc,Al.Ga)s_,0,,.3/,,:Ce>*

(wherein 0=n=<0.5)

ZnS:Cu+,Cl-

(Y,Lu,Th),Al,O,:Ce*

ZnS:Cu+,Al3+

ZnS:Ag+,Al3+

ZnS:Ag+,Cl-

(Ca,Sr) Ga,S,: Eu**

SrY,S,:Eu**

Cala,S,:Ce**

(Ba,Sr,Ca)MgP,0,:Eu**,Mn**

(Y,Lu),WO4:Eu** Mo®*

CaWo,

(Y,Gd,La),0,S:Eu**

(Y,Gd,La),05:Eu**

(Ba,Sr,Ca), Si, N :Fu** (where 2n+4=3n)

Ca,(Si0,)Cl,:Eu*

(Y,Lu,Gd),_,Ca, Si,Ny, C, :Ce**, (wherein 0=n=0.5)

(Lu,Ca,Li,Mg,Y) alpha-SiAION doped with Eu** and/or

C e3+

(Ca,Sr,Ba)SiO,N,:Eu**,Ce**

(Sr,Ca)AISiN,:Eu**

CaAlSi(ON),:EFu?*

Sr,,(PO,)sCl,:Eu**

(BaSi)O,,N,:Bu**

SrSi,(0,C1),N,:Eu**

(Ba,Sr)Si,(0,C1),N,:Eu**

LiM,Og:Eu** where M=(W or Mo)

In the list above, it is understood that when a phosphor has
two ormore dopant ions (i.e. those ions following the colon in
the above phosphors), this means that the phosphor has at
least one (but not necessarily all) of those dopant ions within
the material. That is, as understood by those skilled in the art,
this type of notation means that the phosphor can include any
or all of those specified ions as dopants in the formulation.

In certain embodiments, quantum-dot-based phosphors are
used for color conversion purposes. Quantum dot materials
are a family of semiconductor and rare earth doped oxide
nanocrystals whose size and chemistry determine their lumi-
nescent characteristics. Typical chemistries for the semicon-
ductor quantum dots include well known (ZnxCdl-x)
Se[x=0... 1], (Znx, Cd1-x)Se[x=0.1], Al(AsxP, ) [x=0...
1], (Znx, Cdl1-x)Te[x=0 . . . 1], Ti(AsxP1-x) [x=0 . . . 1],
In(AsxP1—x) [x=0 . . . 1], (AlxGal-x)Sb[x=0 . . . 1], (Hgx,
Cd1-x)Te[x=0... 1] zincblende semiconductor crystal struc-
tures. Published examples of rare-earth doped oxide nanoc-
rystals include Y203:Sm3+, (Y,Gd)203:Eu3+, Y203:Bi,
Y203:Tb, Gd2SiO5:Ce, Y2Si05:Ce, Lu2SiO5:Ce, Y3AlS)
12:Ce but should not exclude other simple oxides or ortho-
silicates.
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In certain embodiments, the present invention provides a
two-phosphor violet pumped white LED, which can be used
for illumination. In a specific embodiment, a cyan phosphor
and an orange phosphor are used with violet-pumped LED
chips. For example, violet chips emitting radiation at wave-
length of about 400-440 nm are provided. In this configura-
tion, the emission of the two phosphors substantially deter-
mine the chromaticity and color quality of the white light. For
example, color is determined primarily by the mix of two
phosphors, and pump light leakage is typically minimal and
not very eye-sensitive. This approach combines the advan-
tages of reduced phosphor complexity and cost with the sim-
plified color tuning of a two-phosphor system. Moreover, the
low eye sensitivity of the violet pump ensures that color
targeting in manufacturing with high yield is provided, unlike
the case for blue-pumped systems in which case tight control
over blue light leakage is necessary for maintaining tight
control over chromaticity spread in high-volume manufactur-
ing.

FIG. 9 is a diagram illustrating the emission spectrum of a
two-phosphor violet pumped white LED. In this example, a
cyan phosphor G1758™ and an orange phosphor O6040™
from Intematix Corporation are combined and pumped by a
~420 nm emitting LED. It is to be appreciated that other types
of cyan and orange phosphor can be used as well. Other
phosphor combinations and other choices of pump emission
wavelength in such a configuration are possible. InFIG. 9, the
violet pump LED leakage is varied +/-20% relative to an
absolute level of 5% leakage. For all three cases, the color
rendering index (CRI) is at about 83 at a CCT of approxi-
mately 2700K. The variation in chromaticity between the
three spectra is very small, with the total deviation from the
Planckian at less than 0.004 in terms of u', v'. The lumen
efficacy is at about 301-305 Im/Wopt. One of the benefits is
that the configuration uses long wavelength pump chips (e.g.,
in this case 420 nm), which increases light extraction effi-
ciency and package efficiency, reduces forward voltage and
Stokes loss, compared to shorter wavelength pump LEDs. In
addition, by avoiding blue phosphor, this configuration
removes one component in loss in efficiency, reduces overall
phosphor loading, and reduces cost and complexity.

While the above is a full description of the specific embodi-
ments, various modifications, alternative constructions, and
equivalents may be used. Therefore, the above description
and illustrations should not be taken as limiting the scope of
the present invention which is defined by the appended
claims.

What is claimed is:

1. An optical device comprising:

a mounting member;

at least one light emitting diode (LED) provided overlying

aportion of the mounting member; the at least one LED

including a gallium and nitrogen containing substrate
having:

a surface region characterized by a polar crystallo-
graphic orientation and a dislocation density less than
1x107 dislocations/cm?;

a junction region comprising an active region, the active
region being configured to emit electromagnetic
radiation within a range from 405 to 430 nanometers;
and

a first electrical contact region and a second electrical
contact region coupled to the junction region to sup-
ply electrical current capable of causing the active
region to emit the electromagnetic radiation; and

a mixture of phosphor materials including a first phosphor

material, a second phosphor material, and a third phos-

phor material within a binder material, the mixture of
phosphor materials disposed within a vicinity of the at
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least one LED and configured to interact with the elec-
tromagnetic radiation to substantially convert the elec-
tromagnetic radiation within the wavelength range from
405 nm to 430 nm to wavelengths within a range from
440 nm to 650 nm;

wherein the first phosphor material comprises a blue phos-
phor characterized by peak absorption in a wavelength
range from 405 nm to 430 nm and has an internal quan-
tum efficiency of at least 70%; and
wherein the optical device emits substantially white light.
2. The device of claim 1 wherein the gallium and nitrogen
containing substrate is bulk GaN characterized by a non-polar
orientation or a semi-polar orientation.
3. The device of claim 1 wherein the at least one LED has
a lumen per watt efficiency of at least 50%.
4. The device of claim 1 wherein the at least one LED
comprises a plurality of LEDs in an array configuration.
5. The device of claim 4 wherein the wavelength of the
plurality of LEDs varies across the array.
6. The device of claim 1 wherein the first phosphor material
comprises a blue phosphor with an absorption coefficient in
the range from 1 to 40 cm™.
7. The device of claim 1 wherein the blue phosphor is
characterized by a peak emission wavelength in the range
between 440 nm and 480 nm and a spectral FWHM of at least
10 nm.
8. The device of claim 1 wherein the blue phosphor is
characterized by an absorption coefficient in the range from 1
cm™ to 40 cm™" and a peak emission wavelength in the range
between 440 nm and 480 nm, and a spectral FWHM greater
than 10 nm.
9. The device of claim 1 wherein
the blue phosphor is selected from BaMgAl, O, :Eu**,
Sr,P,0.:Bu**, Sr,P.BO,,:Bu**, (SrCa),B;0,Cl:Eu**,
Sr,CI(PO,);:Eu**, Ca,P,0,:Eu**, ZnS:Ag,Cl, Sr,,
(PO,)sCl,:Eu**, LaAl(Sis Al)N,,_O,:Ce**, a-Sialon:
Ce**, (Y,La)—Si—O—N:Ce**, Gd,_Sr**,, AlO;_F :
Ce’*, and a combination of any of the foregoing; and

the blue phosphor is characterized by a peak absorption at
a wavelength between 405 nm and 430 nm, and an
absorption not less than 50% of the peak absorption at
wavelengths from 405 nm to 430 nm.

10. The device of claim 1 wherein the mixture of phosphor
materials is balanced to produce radiation on or near the
Planckian curve (du'v'<0.01) with average color rendering of
at least 75.

11. The device of claim 1 wherein, the electromagnetic
radiation from the active region is substantially free from
wavelengths less than 405 nanometers and greater than 440
nanometers.

12. The device of claim 1 where the mixture of phosphors
varies in either a horizontal or a vertical direction of the
device.

13. The device of claim 1 wherein the gallium and nitrogen
containing substrate is bulk GaN characterized by a polar
orientation.

14. The device of claim 1, wherein,

the phosphor mix comprises a phosphor selected from

BaMgAl 0, :Eu**, Sr,o(PO,)sCp:Eu**, LaAl(Si4,
ALON,,_0,_:Ce**, a-Sialon:Ce>*, (Y,La)SiON:Ce’*,
Gd,_Sr,, AlO,_F :Ce**, and a combination of any of
the foregoing, and
the blue phosphor is characterized by a peak absorption at

a wavelength between 405 nm and 430 nm, and an

absorption not less than 50% of the peak absorption at

wavelengths from 405 nm to 430 nm.
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15. The device of claim 1, wherein the at least one LED is
configured to maintain an internal quantum efficiency of at
least 70% at a current density of at least 100 A/cm?® and a
junction temperature of at least 100° C.

16. The device of claim 1, wherein the luminescence inten-
sity is within about +5%.

17. The device of claim 1, wherein the blue phosphor has an
absorption greater than 30.7% of the peak absorption in the
wavelength range of 405 nm to 430 nm.

18. The device of claim 17, wherein the blue phosphor has
an absorption not less than 50% of the peak absorption in the
wavelength range of 405 nm to 430 nm.

19. An optical device comprising:

at least one light emitting diode (LED) disposed over a
portion of a mounting member; the at least one LED
having a gallium and nitrogen containing substrate with
a surface region, wherein the surface region has a dislo-
cation density less than 1x107 dislocations/cm?; a junc-
tion region including an active region, the active region
emitting electromagnetic radiation within a range from
405 nanometers to 430 nanometers; and a first electrical
contact region and a second electrical contact region
coupled to the junction region to supply electrical cur-
rent to cause the active region to emit the electromag-
netic radiation;

a color conversion material disposed near the at least one
LED, wherein the color conversion material comprises a
blue phosphor characterized by peak absorption in the
wavelength range from 405 nm to 430 nm, an internal
quantum efficiency of at least 70% in said wavelength
range,

the active region is configured to emit the electromagnetic
radiation within a range from 405 nanometers to 430
nanometers while reducing at least a piezoelectric field
influence to cause the active region to output at least 100
Amps/centimeter® and to maintain an internal quantum
efficiency of at least about 70%, and a temperature rang-
ing from about 85° C. to about 150° C.; and wherein the
electromagnetic radiation is substantially free from
wavelengths less than 405 nanometers and greater than
440 nanometers; wherein,

leakage of the electromagnetic radiation from the color
conversion material is from about 4% to about 6%; and

the optical device emits substantially white light.

20. The device of claim 19 wherein the gallium and nitro-
gen containing substrate is bulk GaN, the bulk GaN being
selected from a semi-polar orientation, a non-polar orienta-
tion, and a polar orientation.

21. The device of claim 19 wherein the gallium and nitro-
gen containing substrate is characterized by a dislocation
density of less than 1E7 cm™2.

22. The device of claim 19 wherein the color conversion
material comprises a first color conversion material and a
second conversion material, the first color conversion mate-
rial and the second color conversion material being associated
with different wavelengths.

23. The device of claim 19 wherein,

the blue phosphor is selected from BaMgAl, ,0,,:Eu*",
Sr,P,0.:Eu**, SrPsBO,,:Eu**, (SrCa),B;O,Cl:Eu?*,
SrC1(PO,);:Eu**, Ca,P,0,:Eu*, ZnS:Ag,Cl, Sr,,
(PO,),Cl,:Bu**, LaAl(Sis Al )N, O,.:Ce**, a-Sialon:
Ce**, (Y,La)—Si—O—N:Ce’*, and Gd,_Sr,, AlO,
F :Ce**, and a combination of any of the foregoing, and

the blue phosphor is characterized by a peak absorption at
a wavelength between 405 nm and 430 nm, and an
absorption not less than 50% of the peak absorption at
wavelengths from 405 nm to 430 nm.
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24. The device of claim 19, wherein the blue phosphor has
anabsorption greater than 30.7% of the peak absorption in the
wavelength range of 405 nm to 430 nm.

25. The device of claim 24, wherein the blue phosphor has
an absorption not less than 50% of the peak absorption in the 5
wavelength range of 405 nm to 430 nm.
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